The present work reports an experimental study of the effect of swirl on the dynamic behavior of drops and on the velocity and turbulence fields of an isothermal spray using a two-component Phase Doppler Particle Analyzer (PDPA). It represents the first phase of an effort to investigate the effect of swirl on the structure of liquid spray flames, the stability of the flame, and its effect on the emission of pollutants. A vane type swirler was placed on the liquid supply tube of a pressure atomizer and tested in the wind tunnel under specified conditions. Mean velocity and turbulence properties were obtained for the gas phase. In addition, drop velocity and drop size distributions, particle number densities, and volume flux were measured at different locations within the swirling flow. Large differences in the spatial distribution of the drops over its size, velocity, and number density are observed when the spray in a co-flowing air with the same axial velocity is compared with the atomizer spraying into the swirling flow field. Large drops seem to be recirculated into the core of the swirling flow, while rather small drops surround this central region. The radial distribution of particle number density and liquid volume flux are also different when the atomizer spraying into the co-flowing air and into the swirling field are compared. Particle number densities for the latter exhibit higher peak values close to the nozzle but show almost the same peak values as the quiescent spray but at different radial location further downstream. The velocity of specific drop sizes was also obtained. Drops as large as 5 um are seen to follow closely the mean velocity of the gas. The turbulence properties of the swirling flow show significant influence on the dynamic behavior of the drops. Radial distribution of turbulence kinetic energy, normal Reynolds stresses, and Reynolds shear stresses exhibit double peak values which delineate the boundaries of the central recirculation region and the external free stream. Within these boundaries the radial distribution of both particle number density and volume flux are seen to attain their maximum values.
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Nomenclature

D
internal diameter of swirl vane assembly Nd particle number density R radial position S degree of swirl u ', v', w' axial, radial, and tangential fluctuating components of velocity u, v, w axial, radial, and tangential mean components ofIntroduction Swirl generation is by far the most extensively used mechanism for stabilizing the flame and for controlling the efficiency and generation of pollutants in combustion systems, Gupta et al (1984) . While swirl burners have been used widely in combustion, it is only recently that a major effort has been put into understanding the basic mechanisms that govern swirl flows, Sislian and Cusworth (1986) -Cameron et al. (1988) , to name but a few. Both innovative diagnostic techniques and analytical/numerical studies are needed to be able to predict and control with a reasonable degree of success the combustion efficiency and the concentration levels of various pollutant species such as NOR , CO, soot, and other particulates generated in the combustion process.
One of the major obstacles in the study of swirl flows has been the difficulty in obtaining turbulence data, mainly because of the limited instrumentation available for the analysis of these highly complex flows. There exist many excellent papers which have dealt with swirl flows in both isothermal and reactive fields, the majority of which have investigated gaseous fuels. Because of the inherent complexity of having a liquid phase in the form of small drops coupled to the gaseous phase, liquid swirling flows have been studied less comprehensively. A two-component PDPA was used exclusively in these tests. It is recognized, however, that these highly complex flows require a 3-D system, which is now currently under development at Aerometrics.
The present paper differs from the published work in its scope. It is intended to investigate the coupling of the liquid phase to the gaseous phase and the response of the spray drops to the swirling field. Thus, the main interest is in the influence which swirl has on the velocity and turbulence gas fields, and its overall effect on the properties of an isothermal spray, i.e., on the spatial distribution of drops, on their number density, and on their velocity field. It is also intended for these studies to provide a data base from which modelers in spray combustion systems can extract the necessary information for their numerical codes. The present investigation is not a comparison study, a few measurements in co-flowing air have been included to emphasize the effect which swirl has on the spray.
Experimental Setup
The experiments were carried out in a 46 x 46 cm. wind tunnel using a vane-type swirler fitted to the liquid supply tube (12.5 mm ID) of a commercial pressure swirl atomizer. The swirl nozzle assembly was positioned at a downstream distance where the flow conditioner and screens produced a homogeneous flow over the cross sectional area of the wind tunnel.
The swirler tested in this investigation consisted of a hub 19 mm ID and eight straight vanes welded equidistantly to it and forming an angle of 20 0 with the longitudinal axis of the swirler. The set of vanes and hub were placed inside a tube 76 mm ID and 250 mm in length and the whole assembly fitted to the nozzle supply tube, see Figure 1 . The length of the swirl vanes varied according to their angle of inclination, but they blocked all the cross sectional area of the swirl housing, such that it was not possible to see through the swirl assembly.
The measurements were obtained with an Aerometrics twocomponent Phase Doppler Particle Analyzer (PDPA) and the axial, radial, and tangential velocity components of the swirling field evaluated with the airflow seeded with micron size particles only, with the seed particles and the spray drops simultaneously in the flow, and with the spray alone in the swirling field. The 20°v ane swirler gave a nominal swirl number of S = 0.26 [8] . Radial scans of the flow field were taken at six different axial locations, namely, X = 10, 20, 50, 100, 150, and 200 mm downstream from the face of the atomizer to evaluate the velocity and turbulence fields. At these same positions (except at X = 10 mm where only velocity information was obtained), measurements of drop size, drop velocity, size-velocity correlations, number density, and volume flux were obtained for a water spray in the swirling field. At each axial position the radial measurements were obtained at 2 mm intervals from the centerline of the nozzle to the periphery of the flow field. For comparison purposes, measurements of these properties were also obtained for the same pressure swirl atomizer spraying water in co-flowing air with the same free stream velocity, U10 = 20 m/s.
Results and Discussion
The nozzles used in the present investigation were two Hago 45 0 solid cone, pressure swirl atomizers of 0.5 GPH and 3.0 GPH nominal flow rates, respectively. Only the measurements using the 3.0 GPH nozzle are reported here, which was operated at a pressure of Pa = 415 kPa. The wind tunnel free stream velocity was set at U1, = 20 m/s in all the experiments reported here.
In order to investigate the symmetry of the velocity field produced by the 20° vane swirler, a diametral scan of the mean and rms velocities was obtained at an axial distance of X = 10 mm from the face of the atomizer (without spraying) with the flow seeded with particles only, see Figure 2 . The size of the seed particles was also investigated. It is a common statement in the literature to report 1 µm size particles as the "maximum size" of the particles contained in the seed size distribution. This is actually quite uncommon, since the seed particles are distributed over a much larger size range than what is nominally quoted. Figure 3 is a histogram of sizes of the seed particles produced by a vaporizer which was used in the present study. The particles were introduced upstream of the swirler to form a homogeneous cloud of vapor over most of the cross sectional area of the test section.
Figures 4-5 show the radial distribution of Sauter mean diameter at various positions downstream from the atomizer. Figure  4 , which is a comparison of the Sauter mean diameter, D32 , obtained for the nozzle spraying in co-flowing air and in the swirling field, shows that smaller drops are observed in the central core region for the swirl/nozzle configuration due to the vigorous mixing induced by the swirler. Some very large drops were also observed in the core, evidencing the effect of large drops being recirculated from the periphery of the spray back into the central core. Experiments taken with the seed particles and the spray simultaneously in the flow show the liquid drops of sizes up to 5 ,um in diameter following, to a reasonable accuracy, the fluctuations of the gas flow about its mean property values. The mean axial velocity of 1 µm seed particles was compared with the mean axial velocity of 1, 2, 3, and 5 µm drops at three axial stations X = 20, 50, and 100 mm. Figure 6 shows the results obtained at X = 20 mm. With the exception of those velocities at radial locations very close to the centerline (within R = 4 mm) the 5 µm drops showed velocities within 6% of the mean axial velocity of the 1 um seed particles. Values of the turbulence intensity were also obtained for the seed particles and the drops. The largest difference observed was 5% between the 5 µm drops and the 1 µm seed particles.
The presence of the swirler had the effect of widening the spray cone angle showing low concentration of drops in the core moving at very low average velocities. Average axial, radial, and tangential velocities of the drops in the swirling field have also been obtained for specific drop sizes at various axial locations from the atomizer. Figures 7 and 8 show the radial distributions of average axial and tangential velocities for drops of 10, 20, 30, and 50 µm in diameter obtained at X = 20 mm. Of the drop sizes shown in these figures, the 10 µm drops followed the air flow velocity more closely, as was expected. Axial drop velocities in the central region of the swirling field have higher values as particle size increases, they reach a maximum, and subsequently decrease and seem to converge at a radial location of R/D = 0.33. This same trend was evident, although less pronounced, at X = 50 mm.
Experiments taken with the seed particles and the spray simultaneously in the flow show the liquid drops of sizes up to 5 µm in diameter following, to a reasonable accuracy, the fluctuations of the gas flow about its mean property values. The mean axial velocity of 1 µm seed particles was compared with the mean axial velocity of 1, 2, 3, and 5 j m drops at three axial stations X = 20, 50, and 100 mm (not shown). With the exception of those velocities at radial locations very close to the centerline (within R = 4 mm) the 5µm drops showed velocities within 6% of the mean axial velocity of the 1 pm seed particles. Values of the turbulence intensity were also obtained for the seed particles and the drops. The largest difference observed was 5% between the 5µm drops and the 1µm seed particles.
The angle of trajectory of selected drop sizes was obtained at all axial locations. Figures 9 and 10 show the angle of trajectory at X = 20 and 50 mm downstream for drop sizes of 10, 20, 30, and 50 um in diameter (the 50 µm drop size is not shown in Figure 10 for the sake of clarity). Closest to the nozzle the trajectories of the drops seem to be well defined by their size especially with increasing radial position. At X = 50 mm the drops change their trajectory abruptly but seem to converge to the same direction of travel within a few millimeters from the centerline. This effect was present further downstream but the angle of trajectory of the drops was not as steep close to centerline and the different drop sizes quickly followed the same direction at increasing radial positions.
Particle number density, Nd , was obtained for both the spray in co-flowing air and the swirling spray at various axial locations. The expression used to calculate the particle number density is given by 50 1 50 / ;j
where v; is the velocity of the ith bin in the velocity histogram composed of 50 bins, Aj is the probe area of the jth size bin, n,, is the total number of particles of size j in the ith velocity bin, and At ;jk is the interarrival time between the kth and (k -1)th particles of size j within the ith velocity bin.
Figures 11-14 represent a plot of the radial distribution of particle number density at X/D = 0.26, 0.66, 0.76, and 1.97, respectively. There are several interesting points which can be highlighted from these figures. First, at X = 20 mm the peak value of the particle number density of the spray in co-flowing air is higher than that of the swirling spray. Further downstream at X = 50 mm, however, the two peak values are almost the same. At even larger axial locations, X = 100 and X = 150 mm, the distribution of particle number density of the spray in co-flowing air peaks at the centerline and decreases towards the periphery of the spray. The swirling spray, however, exhibits a Gaussian distribution which peaks at about R/D = 0.35 indicating a "hollow cone" effect on the spray caused by the swirler. This effect was clearly visible during the experiments. Notice also that peak values of Nd are much higher for the swirling spray than for the spray in co-flowing air at these locations, with the former spreading more in the radial direction. Second, the particles observed in the swirling spray show relatively high concentration of small and intermediate size drops forming a sheath which surrounds the central core of the swirling field. Because the spray cone angle is widened by the effect of the swirler, the radial distribution of particle number density peaks at a larger radial location than for the spray in co-flowing air. Third, the maximum values of particle number density for the swirling spray peak almost at the same radial locations where the radial distribution of the sauter mean diameter attains its minimum value at the corresponding axial locations. This is no coincidence, since the strong mixing induced by the swirl produces regions in the flow where high concentrations of relatively small particles can be found. Finally, in the swirling field, extremely low concentrations of particles are seen in the central region at increasing axial locations.
Liquid volume flux was determined for the spray in co-flowing air and the swirling spray at various axial stations, Figures 15-18 . Both sprays exhibit the same peak value of volume flux closest to the nozzle, X = 20 mm, but at different radial location. Further downstream the liquid volume flux shows higher values for the spray in co-flowing air, except at X = 100 mm. In the swirling spray the peak values of the volume flux distribution shift to outer radial locations with increasing axial distance, where the intermediate and large size drops are found. Comparisons of liquid volume fluxes obtained with the PDPA with patternator data or with integrated values with flow rates to the nozzle were not attempted in this study because the accuracy of these type of measurements has already been assessed for a quiescent spray, Bachalo et al. (1988c) . It is believed that the accuracy of liquid volume flux calculations in the present measurements remains unaltered.
Turbulence damping by the drops is also a topic of current interest and one which has been discussed by Bulzan (1988) in particle-laden swirling free jets. It is believed that such a study is not practical to be considered here because it would be very hard to determine whether the drops induce production or dissipation of turbulence kinetic energy. Suffice it to say that the injection of the spray particles into the swirling field modifies the flow, inducing air entrainment and momentum exchange with the gaseous phase.
Turbulence properties were obtained of the swirling field with the seed particles in the flow at axial locations of X = 10, 20, 50, 100, 150, and 200 mm from the atomizer. Radial traverses consisted of measurements taken at 2 mm intervals at X = 10, 20, and 50 mm and at 5 mm intervals at X = 100, 150, and 200 mm. Figure 19 shows the radial distributions of turbulence kinetic energy at three axial locations. The two peaks that are appreciable in these distributions are located in the shear layer of the recirculation region in the inner core and in the boundary of the swirling field with the free stream high velocity air. It is also interesting to note that the highest values of turbulence kinetic energy were measured at X/D = 0.66, (X = 50) mm.
The normal Reynolds stresses u'2 , v' 2 , and w'2 are shown on Figures 20-22 at axial distances of X = 20 and X = 50 mm downstream. Double peak values of the normal stresses are observed near the swirler, a characteristic which has also been reported by Sislian and Cusworth (1986) and by Fuji et al. (1981) . These peaks are produced in regions where high gradients of mean velocity are found. The dip in the radial profile of u occurring at X = 20 mm and R = 34 mm is not fully documented, however, it is present in a region where the edge of the swirl housing seemed to create a small scale turbulence zone, an effect which was observed when small spray particles from the 0.5 GPH atomizer were seen moving in different directions.
There is some indication that the inner peak values of normal Reynolds stresses are located close to the zero streamline (i.e., near the edge of the recirculation region), although this observation is planned to be verified with the aid of flow visualization. The outer peak values are due to the shear layer at the edge of the swirling flow with the free stream air. These double peak values which persist up to a distance of approximately X/D = 1.97 (X = 150 mm), rapidly decay with inc reasing axial distance.
The shear stresses u'v', and u'w', have been obtained at 
Conclusions
Measurements of the drop size and drop velocity distributions, particle number density, volume flux, and angle of trajectory have been presented for a pressure swirl atomizer spraying into a low swirling field of S = 0.26. In an attempt to emphasize the differences between a spray moving in co-flowing air and one immersed in a swirling field, the measurement of the relevant parameters in a spray were carried out and the results reported here for both cases. In fact, the results bear little resemblance. The spatial distribution of sizes and velocities, particle number density, and volume flux of the spray are strongly influenced by the dynamics imposed by the swirling field. Close to the nozzle, for example, the radial distribution of particle number density in the swirling field exhibits peak values which are lower than the ones measured for the spray in co-flowing air. Liquid volume flux, however, exhibited similar peak values for both flows closest to the nozzle. These prevailing conditions near the atomizer, however, differ greatly further downstream away from the effect of the swirler. The measurement of the velocity and turbulence parameters of the swirling field using seed particles was also performed. Air velocities were compared with the velocity of drops of 1 -50 µm in diameter. The results show that drops as large as 5 µm follow the air velocity reasonably well. In addition, turbulence intensity values obtained for the 1 µm seed particles and the 5 µm drops differ only slightly. Plots of the turbulence kinetic energy, normal Reynolds stresses, and Reynolds shear stresses show double peak radial distributions which indicate the boundaries of the inner recirculation region and the external free stream flow. This double peak distribution deteriorates and decays, obviously, with increasing downstream distance. Although the swirl reported in this work is low S = 0.26, close to the nozzle the small drops are seen to recirculate back within the central region of the flow and exhibit negative axial velocities. Within the region surrounding the recirculating zone, the drops are subject to relatively high tangential velocities up to distances of about X/D = 2.63 (X = 200 mm).
Future work will be extended to various degrees of swirl and will include an experimental setup which resembles more closely that of a gas turbine combustor. Ultimately, it is the effect of swirl on the combustion efficiency, flame stabilization, and emission of pollutants which is being sought. 
